The novel concept of reverse membrane bioreactors (rMBR) introduced in this review is a new membraneassisted cell retention technique benefiting from the advantageous properties of both conventional MBRs and cell encapsulation techniques to tackle issues in bioconversion and fermentation of complex feeds. The rMBR applies high local cell density and membrane separation of cell/feed to the conventional immersed membrane bioreactor (iMBR) set up. Moreover, this new membrane configuration functions on basis of concentration-driven diffusion rather than pressure-driven convection previously used in conventional MBRs. These new features bring along the exceptional ability of rMBRs in aiding complex bioconversion and fermentation feeds containing high concentrations of inhibitory compounds, a variety of sugar sources and high suspended solid content. In the current review, the similarities and differences between the rMBR and conventional MBRs and cell encapsulation regarding advantages, disadvantages, principles and applications for biofuel production are presented and compared. Moreover, the potential of rMBRs in bioconversion of specific complex substrates of interest such as lignocellulosic hydrolysate is thoroughly studied.
Introduction
Membranes and membrane related technologies have now been around for long, attracting the most attention in wastewater treatment and water quality improvement technologies (Lin et al., 2012; Peters, 2010; Radjenović et al., 2008) . The records on industrial scale application of membranes in water treatment goes back to about 1970 and since then membranes have found worldwide acceptance in different engineering processes (Strathmann et al., 2006) . Footsteps of membrane technology has been tracked in a wide range of applications from filtration processes to membrane bioreactors (MBR) (Judd and Judd, 2011; Mutamim et al., 2013; Wang et al., 2010; Ylitervo et al., 2013a Ylitervo et al., , 2014 . This vast range of membrane applications covers in situ product recovery in MBRs (Carstensen et al., 2012; Fernandes et al., 2003) , agricultural and industrial wastewater treatment, and desalination processes (Alzahrani and Mohammad, 2014; Mutamim et al., 2013; Petrinić and Hélix-Nielsen, 2014; Quist-Jensen et al., 2015; Subramani and Jacangelo, 2015) , metal recovery (Mack et al., 2004) , oil-water separation (Padaki et al., 2015) , etc.
Due to the increasing demand for alternative renewable fuel sources (Nigam and Singh, 2011) to replace depleting fossil fuels (Brown and Brown, 2013) and also to reduce greenhouse gas emissions, there has been a surge of interest to find applicable biofuel production techniques with a high productivity (Börjesson et al., 2012; Gnansounou, 2010; Naik et al., 2010) . In this regard, in a number of biotechnological applications membranes are used to retain cells and/or enzymes inside a bioreactor (Section 1.1). This may occur through immobilization in a membrane matrix or compartmentalization (Carstensen et al., 2012) . There are different benefits sought by utilization of membrane bioreactors for biofuel production mainly focused on; the ease of product recovery as a result of high separation efficiency, high product yield and biological conversion rate due to high cell concentration, low energy demand and ease of operation in continuous mode and others. However, there are limitations in the application of conventional MBRs for biological treatment of different feed streams. In brief, handling feed sources containing a high concentration of cell inhibitory compounds or several different prioritized substrate sources by conventional MBR technologies is inefficient. Moreover, feeds with high suspended solid (SS) content are problematic in MBR assisted bioconversions as they deteriorate membrane functionality through exacerbating cake layer formation and membrane fouling. High SS loading also negatively affects cell/medium separation and hinders cell reuse for several batch experiments.
On the other hand, there are cell retention and immobilization techniques such as cell encapsulation that can effectively deal with the issues confronted by conventional MBRs. Through cell encapsulation, a high local cell concentration is provided in a jelly capsule which separates the cells from the main bioreactor medium by a permeable membrane (Westman et al., 2012b) . This microenvironment and cell housing configuration gives the cells the ability to tolerate high inhibitor content and also co-utilize different substrates in the feed (Pourbafrani et al., 2007b; Westman et al., 2012a Westman et al., , 2014a . However, this technique also comes with inherent shortcomings. Encapsulating cells is time consuming and laborious and simple flaw in capsule preparation and agitation during application can cause capsule disintegration, rupture and cell escape (Sections 1.2, 2.1 and 2.2) (Ishola et al., 2015a (Ishola et al., , 2015b Ylitervo et al., 2011) .
The main goal pursued in this review is to introduce the novel promising technology of a reverse membrane bioreactor (rMBR) and its potential application in biotechnological processes. The rMBR is a combinational technique merging conventional MBR and cell encapsulation techniques. In this regard, rMBR provides the opportunity to have a membrane bioreactor system functioning on basis of cell encapsulation principles, benefiting from the advantages of both technologies while simultaneously covering their individual shortcomings and operational limitations. Through this technology, bioconversion of complex feed streams containing inhibitors, multi-substrates and high SS can be efficiently handled in large scale applying a diffusion driven rMBR. The rMBRs are submerged membrane modules housing microorganisms in between membrane layers to provide high local cell density, instead of having them freely suspended in the medium as for the conventional MBRs. rMBRs function on the basis of diffusive mass transfer as for cell encapsulation. High local cell density and the diffusive nature of mass transfer in rMBRs, opens new horizons to biological treatment of complex substrates for biofuel production.
Conventional MBRs
The centre of focus throughout this review is membrane-assisted cell retention. This technique uses a selective synthetic membrane to retain cells and specific chemical compounds in the bioreactor while allowing some low molecular weight solutes (depending on membrane properties) to diffuse freely through the membrane (Tampion and Tampion, 1987) . Membrane applications are generally based on the ability of the membrane to efficiently separate different compounds and/or cells/particles, being selectively permeable to some substances while retaining others. In this context compounds are divided in two groups, i.e. the compounds that pass through the membrane end up in permeate (also called filtrate), the ones that are retained in the retentate. The selective behaviour of different membranes originates from membrane pore size and morphology, and other characteristics such as membrane charge, affinity or hydrophobicity (Judd and Judd, 2011) . Membrane separation mainly occurs through application of pressure and/or concentration gradient as the separation driving force over the membrane (Judd and Judd, 2011) (Fig. 1 ). This is a criterion for categorizing membrane systems on basis of the separation driving force into pressure or diffusion (concentration gradient) driven.
In biological processes where membranes are integrated with the main bioreactor either for filtration, product recovery, or cell separation or retention, the MBR configuration plays a determining role. As mentioned by Judd and Judd (2011) , MBR configuration covers both the integration of the membrane with the bioreactor and also the set-up of the membrane module in relation with the bioreactor. In general the configuration of various conventional MBRs sits under one of the two categories of immersed (iMBR), also known as submerged MBR, and side-stream (external loop) sMBR (Fig. 2) . The submerged membrane module in iMBRs can be submerged either in the bioreactor or in a separate compartment connected to the main reactor through an external loop (Carstensen et al., 2012; Judd and Judd, 2011) . Considering system energy balance, in comparison to sMBRs, iMBRs are more energy-saving as the module is placed in the bioreactor. In contrast, the sMBR set-up requires pumping of great medium volumes through an external membrane module housing in a cross-flow filtration system (Hai et al., 2013; Radjenović et al., 2008) . Profound reviews of MBR principles and applications and also the differences between iMBR and sMBR in performance, operation and application are well covered in reviews by Carstensen et al. (2012) , Ylitervo et al. (2013a) , Judd and Judd (2011) and (Judd, 2008) .
Regarding cell positioning in conventional MBRs, in iMBRs cells are kept inside the main bioreactor in a mixture with the feed medium, while in sMBRs cells are pumped through the external membrane module and then recirculated back to the main bioreactor. The ability of MBRs in retaining high cell concentrations in the bioreactor facilitates the in situ product recovery in biofuel production (Carstensen et al., 2012; Ylitervo et al., 2013a) . Several examples of final cell concentrations (cell biomass) achieved by applying different MBRs for bioethanol production are presented in Table 1 .
Conventionally, both sMBR and iMBR processes work based on the application of pressure difference (over-pressure or under-pressure) . These pressure driven MBRs have long been in use for a wide range of applications from wastewater treatment to ethanol fermentation (Carstensen et al., 2012; Judd and Judd, 2011; Ylitervo et al., 2013a; Yoon, 2015) . In the sMBRs filtration or product recovery happens through pumping the cultivation medium over and parallel to the membrane surface through a membrane compartment/unit, where permeate is withdrawn, set in an external loop to the main bioreactor (Carstensen et al., 2012) . On the other hand, iMBRs have the membrane module immersed in the main bioreactor or an external compartment having the filtration or metabolite/product recovery in place by application of under-pressure. The immersed and side-stream configurations have been long taken into practice in various continuous, fed batch and batch fermentation processes (Carstensen et al., 2012; Judd and Judd, 2011) . In order to have an overview of MBR assisted bioprocesses, extended examples of the applications of iMBR and sMBR in ethanol fermentation processes taking into account the type of microorganism and substrate used and final retained biomass content are presented in Table 1 . However, biofuel production through bioconversion of complex substrates containing inhibitory compounds, high suspended solid (SS) content and several different sugar sources by means of the new rMBRs technology is yet to be explored.
Cell encapsulation
In order to benefit from a high bioconversion rate and productivity, in addition to optimisation of the process conditions such as pH and temperature, maintaining a high cell density in the bioreactor is of great importance (Westman and Franzén, 2015) . In this regard, various approaches of natural (e.g. flocculation) and artificial cell immobilization (e.g. cell encapsulation and the application of MBRs) have been taken into consideration in order to have enhanced productivity and maintain high cell concentration in the bioreactor while increasing the substrate feeding rate. Cell immobilization can happen by natural cell immobilization through which cells tend to form flocs and start to settle or float in the bioreactor. In addition, cells can also be artificially Kang et al. (1990) PF: pervaporation fermentation, MWC: molecular weight cut-off.
immobilized either through entrapment in gel matrices (gel capsules or beads) or retention in MBRs, generally referred as cell encapsulation ( Fig. 3 ) (Tampion and Tampion, 1987) . The main compounds involved in gel formation are agar, alginates, collagen, kappa-carrageenan, agarose, chitosan and polyacrylamide (Tampion and Tampion, 1987) . One of the highlighted cell immobilization techniques that provides bioconversion and fermentation processes with exceptional functional features is cell encapsulation (Westman et al., 2012a (Westman et al., , 2012b (Westman et al., , 2014a . The principal aim of cell encapsulation is to provide very high local cell concentration within a capsule. This high local cell concentration and the substrate concentration gradient present in capsules, from the capsule surface to the core, give the entrapped cells the ability to co-consume different substrates. This is also followed by extraordinary performance of encapsulated cells in medium inhibitor tolerance and detoxification (Westman et al., 2012a (Westman et al., , 2012b . The dominant mass transfer method in cell capsules is diffusion as direct convection does not apply inside the capsules. The diffusion behaviour of different compounds also contributes to the superior characteristics observed through fermentation using encapsulated cells (Westman et al., 2012a (Westman et al., , 2012b . The principle of cell encapsulation, that is providing high local cell density through cell confinement by an external membrane while having diffusion as the dominant mass transfer mode, is used as the backbone of the rMBR system.
Challenges with MBRs and cell encapsulation
Diverse techniques of cell retention and immobilization such as membrane cell recycling and retention, and cell immobilization through encapsulation and flocculation have been applied in bioreactors aiming mainly at obtaining higher productivity and bioconversion rates, and benefiting from the ease of product separation from cells and cell reuse (Carstensen et al., 2012; Westman et al., 2012b) . As high cell concentration is achieved and cell washout prevention is assured through the application of MBRs, the bioreactor can run in continuous mode at high dilution rate and low hydraulic retention time. However, successful membrane-assisted cell retention and/or cell immobilization by cell encapsulation does not always guarantee a successful fermentation.
It is to be considered that the condition of the utilized feed (substrate) also determines the outcome of the MBR bioconversion process.
For example fermentation of media containing inhibitory compounds (furan aldehydes, carboxylic acids, etc.) can cause problems since toxic compounds may affect the microorganism's physiological and metabolic activity in a negative way. Utilization of high suspended solids (SS) viscous substrates and feed streams containing different types of sugars (pentoses, hexoses, etc.) is still a great hurdle (Klinke et al., 2004) . Conventional MBRs lack the potential to positively enhance the cell inhibitor detoxification ability and simultaneous sugar utilization potential of cells. Although high cell concentration is provided in the MBR, cells are suspended in the main reactor and exposed to uncontrolled concentrations of toxic compounds and various sugar sources. The above mentioned issues are unfavourably confronted when the purpose is to produce second generation ethanol from lignocellulosic materials (Bertilsson et al., 2008; Klinke et al., 2004; Laluce et al., 2012) . Due to their recalcitrant structure comprised of lignin, hemicellulose and cellulose, lignocellulosic materials show great resistance to enzymatic hydrolysis (Taherzadeh and Karimi, 2008) . Therefore, to have the sugars released and prepared for bioconversion by the microorganism the lignocellulosic materials should be pre-treated (Taherzadeh and Karimi, 2008) . The pre-treatment stage is where inhibitory and toxic compound such as furan aldehydes, phenolic compounds and carboxylic acids are produced (Almeida et al., 2007; Klinke et al., 2004; Taherzadeh et al., 1997; Taherzadeh and Karimi, 2008; Zaldivar et al., 2001) hindering fermentation. These inhibitory compounds suppress ethanol fermentation by increasing the lag phase, decreasing cell viability, stopping bioconversion by inhibition of catabolic enzymes, decreasing intracellular pH, disturbing cell membrane integrity, etc. when directly in contact with freely suspended cells in the medium (Almeida et al., 2007) . Moreover, saccharides released by means of lignocellulosic pre-treatment consist of pentoses (xylose, arabinose, etc.) and hexoses (glucose, mannose, galactose, etc.) extracted mainly from hemicellulose and cellulose respectively, with the extent depending on the type of lignocellulosic source (softwood, hardwood, etc.) (Taherzadeh and Karimi, 2008) . The actual problem occurs as wild ethanol fermenting microorganisms have poor performance in co-consumption of hexose and pentose sugars. This results in initial hexose utilization followed by pentose consumption once the hexose is depleted (Sànchez Nogué and Karhumaa, 2015; Stanley and Hahn-Hägerdal, 2010b) . In general, due to the abovementioned factors, the bioconversion rate of lignocellulosic substrates to ethanol is low when freely suspended cells showing diauxic growth are in simultaneous contact with several sugar sources (Chandrakant and Bisaria, 1998) . As cells in both iMBR and sMBR systems are suspended in the feed there is actually no accurate control over cell sugar consumption and inhibitor in situ detoxification.
Recently, increased inhibitor tolerance and co-utilization of different sugars have been successfully investigated by cell encapsulation and flocculation (Westman et al., 2012a (Westman et al., , 2014b . These techniques provide microenvironments with high local cell density in which the concentration gradient and diffusive mass transfer of compounds assist in inhibitor detoxification and co-utilization of sugar sources. However, preparing these microenvironments and their maintenance in working condition prevents them from extensive industrial use. The cell encapsulating process is time consuming (Ylitervo et al., 2011 ). An additional issue as reported by Ishola et al. (2015b) , is that occasionally incomplete xylose consumption occurs while using encapsulated cells. Furthermore, the capsules can easily undergo rupture and break during the production process or in the bioreactor due to agitation (Ishola et al., 2015a) . Capsule breakage may occur at different stage of fermentation. The cells that have escaped from the capsule may become suspended in the medium or attach to the exterior capsule wall and start to consume glucose faster in non-inhibitory mediums (Westman et al., 2014a) . This problem has been foreseen and covered in rMBR as the cells are encased between synthetic membrane layers that were prepared separately and then inoculated with grown Saccharomyces cerevisiae.
Another obstacle requiring engineering solutions is the high suspended solid content of specific fermentation feeds such as lignocellulosic hydrolysate. Lignocellulosic material, depending on the plant species (ex. softwood and hardwood), contains different percentages of lignin (10-35%) . Lignocellulose pre-treatment processes that aid sugar release and also enhance enzymatic accessibility of the lignocellulosic raw material result in production of lignin residues with non-fermentable polymeric compounds . These residual lignin particles bring along several problems. Accumulation of residual lignin in batches adds to the medium viscosity of the lignocellulosic hydrolysate slurry due to high suspended solid content (Verardi et al., 2012; Zhao et al., 2012) . It has been claimed that up to 30% w/w solids loading in the pre-treated hydrolysate is required to guarantee an acceptable ethanol concentration (4-5 wt%). However, rising the solid loading in a hydrolysis and fermentation process increases the viscosity of the medium causing mass transfer limitations in pressure driven MBRs deteriorating membrane performance by cake layer formation and consequently MBR failure (Section 2.3). Moreover high SS concentration hinders enzymatic performance, increasing the inhibitory effects of intermediate compounds and decreasing the ease of mixing of the broth (homogeneity) (Sassner et al., 2006; Verardi et al., 2012) . In addition, in case cell reuse is pursued for consecutive batch processes, this increase in solid residues increases the number of stages and cost of downstream processes for the separation of cells from solids both in MBR and cell encapsulation systems. When it comes to MBR fermentation the SS level of the feed is of critical importance as it may contribute to the membrane fouling propensity. As presented in the work by Liu et al. (2015) high SS broth with elevated viscosity reduces the effect of the shear stress induced by air bubbles on the surface of the membrane required for fouling prevention. Furthermore, cake layer formation by solid particles is exacerbated as the SS content increases (Judd and Judd, 2011) . Adding to that is the solid residual accumulation in the bioreactor if the process is to be run for repeated batches (Galbe and Zacchi, 2002) . In the cross-flow sMBRs, in addition to cake layer formation, a high viscosity increases the energy required for pumping the fermentation broth from the bioreactor through the membrane module in a closed loop (Ishola et al., 2013b) . However, an increase in viscosity can be advantageous in special cases. Ishola et al. (2013a) proved that increasing the SS loading from 8 to 12% in simultaneous saccharification and fermentation (SSF) of a non-sterile lignocellulosic hydrolysate reduced the bacterial contamination activity and increased the ethanol yield.
Reverse membrane bioreactors (rMBR): principles and applications
The reverse membrane bioreactor (rMBR) is a recently introduced novel immersed membrane configuration used for production of biofuels such as methane and ethanol (Ishola et al., 2015a; Youngsukkasem et al., 2015) . The principal difference between the conventional iMBR and the rMBR process is that, in the latter the cells are immobilized in between membrane layers ( Fig. 4b) , separated from the actual feed medium, whereas for the conventional iMBR the cells are suspended in the medium in direct contact with the feed (Fig. 4a ). In the novel rMBR process cells are encased between synthetic membrane layers in the form of membrane sachets, compact multilayer membrane columns, Integrated permeate channel (IPC) flat sheet membranes (Doyen et al., 2010) and other membrane encasement configurations (Fig. 5 ). General differences between rMBRs and conventional MBRs are presented in Table 2 .
In contrast to pressure driven submerged and side-stream MBR processes, in rMBR, active liquid permeation has been replaced by substrate diffusion through the membrane to the cell side and in the opposite direction for the metabolic products. In rMBRs, the synthetic membrane plays a similar role as the plant cells membrane, separating the membrane confined medium (cytoplasm in plant cells) and cell interior components (Golgi, mitochondrion, nucleus, etc. in plant cells) from the surrounding medium, only letting specific nutrients to pass through due to the concentration gradient over the membrane. Moreover, in rMBRs a synthetic membrane plays the same role as the membrane capsule in encapsulation. A thorough analysis of the similarities in principles and functions of cell encapsulation and rMBR is provided in Sections 2.1 and 2.2. Membrane compartments housing microorganisms in rMBRs could be suspended (floating) in the reactor as closed membrane sachets (Youngsukkasem et al., 2013a) , or be fixed in place such as compact multi-layer membrane columns (Youngsukkasem et al., 2013b) or flat sheet membrane panel (Ishola et al., 2015a) (Fig. 5) . In order to benefit from rapid bio-methanation of syngas and co-digestion of syngas and organic substances, Youngsukkasem et al. (2015) successfully used closed sachets made of flat plain PVDF (polyvinylidene fluoride) membrane sheets to entrap methanogenic bacteria in an rMBR. Syngas is a gas mixture mainly composed of carbon dioxide, carbon monoxide and hydrogen formerly made from controlled combustion of coal, biomass, etc. in presence of steam that can be used as chemical precursor for other chemical processes. In this experiment the sludge encased in the sachets was capable of converting the fed syngas comprised of H 2 , CO 2 and CO into biogas in a short retention time of 1 day. It was reported in the study that thermophilic conditions (55°C) and co-digestion using membrane sachets contributed to higher methane yield (Youngsukkasem et al., 2015) . In another attempt, the effect of organic loading rate (OLR) on the performance of methanogenic freely suspended and encased (in sachet) bacteria was examined (Youngsukkasem et al., 2013a) . It was observed that the bacteria entrapped in sachets were still viable and active at an OLR of 15 g COD/l.day −1 , whereas at a loading rate of 7.5 g COD/l.day −1 the system including freely suspended cells totally failed. Also membrane sachets ( Fig. 5a ) used in rMBR configuration prevented specific inhibitory compounds to come in contact with the acting microorganism (Wikandari et al., 2014) . This effect also applies to the hydrophilic capsule membrane in cell encapsulation (Pourbafrani et al., 2007a) . As studied by Wikandari et al. (2014) , in the case of D-limonene, known as a potential inhibitor for the bio-methanation process, hydrophilic PVDF membrane sachets were impermeable to the naturally hydrophobic D-limonene, while glucose and volatile fatty acids present in the medium penetrated through the membrane layer to the cell side. Robust methane production in an inhibitory medium by cells encased in membrane sachets in an rMBR has also been experienced by Youngsukkasem et al. (2013a) and the results were compared with that of freely suspended cells. Another newly developed rMBR configuration for biogas production is the compact multi-layer membrane column (Fig. 5b ). In this concept, a number of double layer steel fixtures including membranes on both faces, are packed and submersed in a column bioreactor. The liquid medium, either as the substrate or as the carrier of syngas or biogas (methane and carbon dioxide), flows upward through the column, and allows the exchange of the substrates and products along the membrane surface of the membrane packs housing the microorganism. This type of rMBR was used for biogas production by Youngsukkasem et al. (2013b) , where they examined the performance of different membranes of hydrophobic polyamide 46 (PA), hydroxyethylated polyamide 46 (HPA) and PVDF regarding cell retention and diffusive transfer of compounds.
It is noteworthy that in the above mentioned biogas production setups ( Fig. 5a and b ) a semi-rMBR system exists as the feed is being recirculated in the bioreactor. In these conditions there is liquid and/or gas feed flow over the exterior surface of the membrane sachets and packed layer. Therefore, mass transfer on the feed side is assisted by convection and also diffusion in a thin stagnant liquid layer on the surface of the membrane. However, on the interior surface of the membrane (cell side) it is only diffusion that dominates the transfer of compounds from the membrane to cells and in the opposite direction for the products.
Regarding bioethanol production, in a recent research work Ishola et al. (2015a) used integrated permeate channel (IPC) flat sheet membrane panels (Doyen et al., 2010) for housing recombinant S. cerevisiae cells in an rMBR set up (Fig. 5c ). In this regard, the functionality of the rMBR technique was evaluated in bioethanol fermentation from the liquid fraction of wheat straw hydrolysate containing different sugar sources and inhibitory compounds. It was reported that the IPC rMBR configuration had a significant positive effect of simultaneous utilization of xylose and glucose, and in situ detoxification of furfural and hydroxymethyl furfural (HMF). The result indicated complete consumption of glucose and 87% utilization of xylose by the yeast leading to an ethanol yield of 83% of the theoretical yield. Although biogas production by means of different rMBRs has recently been a focus of exploration, the application of rMBR in bioethanol production is relatively an undiscovered area of research yet to be explored.
The scientifically and technologically newly developed rMBR concept, representing membrane bioreactors performing on basis of diffusion with cells encased in between membrane layers, has a great potential to be experimentally explored for biosynthesis of biochemical (organic acids, propanol, butanol, etc.) and biofuels (bioethanol, biogas and biodiesel) form feed streams with complex mixture of sugars and inhibitors such as lignocellulosic material, citrus waste and other carbohydrate-rich waste streams. In the following Sections 2.1-2.3, the principles of rMBR and its applications in increasing cell inhibitor tolerance, simultaneous consumption of different sugar sources and dealing with high suspended solid feeds are elaborated in details. Also the advantages and shortcomings of rMBRs in comparison with the conventional MBRs, cell encapsulation and flocculation are thoroughly studied.
Inhibitor tolerance
One of the potential areas where rMBR technology can be effectively applied is the bioconversion of inhibitory feed streams. In this section the mechanism by which the rMBR set up can improve the cells inhibitor tolerance and in situ detoxification is discussed in details. Among the main issues confronted during the fermentation of complex substrates such as lignocellulosic hydrolysate and citrus waste to biofuels, specifically bioethanol, is the presence of inhibitory compounds in the medium. These inhibitors are either convertible through in situ detoxification (ex. furan aldehydes) or non-convertible under anaerobic condition (ex. phenolic compounds) by the acting microorganism(s). The main industrially used microorganism for ethanol fermentation is the yeast Saccharomyces cerevisiae. S. cerevisiae has long been the microorganism of choice in ethanol production industries as it has high capacity of ethanol fermentation along with high ethanol tolerance (Casey and Ingledew, 1986; Ghareib et al., 1988; Stanley et al., 2010a; You et al., 2003) . Moreover, some strains of yeast are capable of in situ detoxification and conversion of some inhibitory compounds such as 5-hydroxymethyl furfural (HMF) and furfural into less toxic chemicals such as furfuryl alcohol (Li et al., 2009; Liu, 2011; Tian et al., 2011) . However, high inhibitory level in the feed and low cell density in the bioreactor decreases the success level of in situ detoxification. A well-developed bioreactor housing high yeast cell concentration and low toxicity level of the feed stream has great propensity to conduct fermentation along with in situ detoxification. In order to provide the mentioned condition during fermentation different remedies can be taken into practice e.g.; using a MBR (Ylitervo et al., 2013b) or cell encapsulation (Westman et al., 2012a) for higher cell density, running fermentations in fed-batch mode to control the inhibitory level (Taherzadeh et al., 1999) , engineering of recombinant cells with higher inhibitor tolerance and ability to convert inhibitors (Koppram et al., 2012) .
Encapsulated yeast can effectively ferment inhibitor-containing lignocellulosic hydrolysates that are considered extremely toxic for a freely suspended cell system (Talebnia and Taherzadeh, 2006) . Cell encapsulation provides high local cell concentration that increases the inhibitor tolerance of the cells as claimed by Westman et al. (2012a) . The rMBR by retaining cells in a confined space between membrane surfaces simulate that of encapsulation condition (Ishola et al., 2015a) . There are several different mechanisms contributing to better in situ detoxification and higher inhibitor tolerance by encapsulated yeast or by cells retained in an rMBR. These remedial mechanisms owe their increased inhibitor tolerance to manipulated cell stress and mass transfer patterns in the cell proximity due to high local density.
Cells subjected to encapsulation or retained in an rMBR, are intentionally kept in a limited space for the sake of high local cell density. The yeast cell concentration in capsules can increase up to 309 g/l of capsule volume (Cheong et al., 1993) . As a result of high local cell density, these cells experience stress inducers such as low nutrition level or nutrition starvation. Cells located deeper into the cell aggregate are exposed to a lower level of nutrients such as glucose that is required as carbon and energy source due to mass transfer and diffusion limitations. In addition, it has been reported that the stress implied during encapsulation is accompanied by counter stress responses by the cells through expression of stress related genes (Klinke et al., 2004; Taherzadeh and Karimi, 2008) . It has been observed by Sun et al. (2007) and Talebnia and Taherzadeh (2007) that the level of trehalose, involved in cell stress tolerance, rises in encapsulated cells. This initial stress response induces a protective effect and gives the cells the ability to withstand the upcoming stress by the inhibitory compounds. In a work by Ylitervo et al. (2011) it has been proven that this initial stress response could also help cells to better withstand thermal stresses. This reasoning supports the idea that the inhibitor tolerance does not necessary occur in cell encapsulation by the capsule membrane but with cells tightly kept together (Westman et al., 2014b) . The above put forward discussion forms the basics of cell inhibitor tolerance in rMBR cell confinement (Fig. 6b) .
Other techniques of cell immobilization that pursue the goal of keeping cells together such as flocculation also result in an increased inhibitor tolerance. However, in the case of flocculation, high sugar content of the medium, for example in batch fermentations, blocks flocculation.
When the lectin-like cell wall proteins (flocculins) that have the mission to attach to carbohydrate residues (e.g. mannose) on the cell wall of neighbouring cells are blocked by the saccharides present in the feed, flocculation does not occur until the end of fermentation. For example for mannose there are both reports on flocculation inhibition and enhancement (Marić and Vraneš, 2007; Westman et al., 2014b) . This is also considered as a benefit in breweries as it gives better product recovery efficiency by having yeast coagulated in flocs. It is noteworthy that ordinary lab yeast strains are poor or non-flocculants due to defective or missing genes required for flocculation. Although strong flocculation is accompanied by mass transfer resistance and slower glucose consumption in non-inhibitory medium compared to free suspended cells, strong flocculation in the inhibitor containing medium helps withstanding higher ethanol and toxic compound level and also faster glucose and mannose consumption compared to suspended cells. Westman et al. (2014b) studied ethanol fermentation through bioconversion of spruce dilute acid lignocellulosic hydrolysate by three recombinant mutants of S. cerevisiae having different flocculation strength, all being originated from the strain CEN.PK 113-7D, and the performance was compared with free suspended cells. It was reported that strong flocculation has the same effect as cell encapsulation when fermenting lignocellulosic hydrolysate containing different inhibitors (Westman et al., 2014b) .
In addition to starvation stress, an inhibitor concentration gradient in the cell aggregate from the surface cells (directly exposed to high content of inhibitor) to cells placed deeper into the cell cluster (exposed to sub-inhibitory concentrations), is the other mechanism contributing to enhanced inhibitor tolerance and process robustness. In capsules, flocs or rMBR systems that contain cell clusters of several millimetres or more in thickness, diffusion limitation defines the concentration of different nutrients and toxic compounds that cells are exposed to. It has been reported that in flocs larger than 100 μm, mass transfer limitations lead to low biomass growth and ethanol production (Talebnia and Taherzadeh, 2007) .
In these diffusion driven systems, cells closer to the capsule or floc surface or adjacent to the membrane surface in an rMBR experience extremely harsh inhibitory conditions. In inhibitor containing mediums, the cells at the frontier get involved with the detoxification of readily convertible inhibitors such as furan aldehydes, and reduce the amount of inhibitors diffusing deep into the cell cluster leaving the cells in the interior unaffected and active for fermentation. In this condition, cells near the cluster centre benefit from the sugar sources that have not been consumed by the surface cells involved in detoxification (Westman et al., 2012a (Westman et al., , 2014b . However, as the mass transfer barrier still exists, having diffusion as the dominant mechanism, a low rate of cell growth and fermentation occurs near the base/centre/core of the cell cluster. This slow growth near the centre has its own benefits. It has been proven that slow growing yeast has enhanced stress resistance that sequentially leads to increased inhibitor tolerance (Elliott and Futcher, 1993) . This lower growth rate in the inner cell layers can also be justified as the limited amount of sugar that reaches deep into the cluster as utilized as maintenance energy rather than budding and growth (Westman et al., 2012a) .
A schematic picture of the cell metabolic activity which depends on the cell location in the cluster and medium condition in an rMBR is presented in Fig. 6 . As it can be seen in non-inhibitory fermentation medium, cells close to the membrane surface are involved in sugar consumption and cells placed further from the surface experience low nutrient concentrations. For the inhibitor containing medium, the cells at the surface have the role of inhibitor detoxification while cells deeper in the cluster have the opportunity of fermenting the present sugars.
The above mentioned remedies do not protect cells or increase the inhibitor tolerance to non-convertible inhibitors such as carboxylic acids and some phenolic compound present in lignocellulosic hydrolysate (Westman et al., 2012a) . As presented by Vilela-Moura et al. (2011) , in anaerobic fermentation the presence of glucose represses acetic acid metabolism. As predicted, the microorganism utilizes less glucose in media containing inhibitors than in non-inhibitory ones. This applies to both high local cell density systems such as encapsulation and freely suspended cells (Westman et al., 2012a) .
On the other hand, in MBRs with freely suspended cells, although yeast cells are capable of detoxifying convertible inhibitors, fermentation robustness is not preserved. In this condition, inhibitor tolerance enhancing mechanisms are not active as all the cells in the medium are exposed to the same inhibitory compound with similar concentration at once (Westman et al., 2012a; Ylitervo et al., 2013b) . This is due to better convectional mass transfer through stirring, gas purging or other agitation methods. Conventional submerged and external-loop MBRs provide desirable medium mixing (good mass transfer) in addition to retaining high concentrations of cells in the bioreactor. As experienced by Ylitervo et al. (2013b) , up to 17 g/l of furfural was detoxified using high cell density of 180 g/l by means of cross-flow tubular sMBR. However, in fermentation conditions where cells are not retained (considerably low densities), there would be a long lag phase, low bioconversion rate or even in case of high inhibitor concentration, fermentation halts, until all convertible inhibitory compounds have been detoxified to less toxic ones. In addition, as suspended cells are constantly subjected to toxic medium e.g. lignocellulosic hydrolysate, the length of time that cells can be reused is closely dependent on the level of toxicity and cell robustness (Talebnia et al., 2005) . As investigated by Westman et al. (2012a) in an inhibitor containing defined medium with furan aldehydes and carboxylic acids the rate of glucose consumption in the initial stage of fermentation for freely suspended cells and encapsulated yeast cells were 40 and 80% of that of a noninhibitory medium respectively. Taking the above mentioned reasoning into consideration, the rMBR is the preferred choice over the conventional sMBR and iMBR systems when it comes to biological conversion of inhibitory containing complex feeds such as lignocellulosic hydrolysate.
Simultaneous sugar consumption
The other main issue confronted in fermentation of complex feeds is the concomitant presence of different sugars for example pentoses (monosaccharides having five carbon atoms) and hexoses (monosaccharides with six carbon atoms). The problem arises from the point that the wild-type S. cerevisiae strains either consume pentoses at a very low rate or do not utilize pentoses at all (Sànchez Nogué and Karhumaa, 2015; Van Zyl et al., 1989; Zaldivar et al., 2001) . The prime remedy in this regard is having genetically manipulated recombinant S. cerevisiae strains that are capable of pentose (xylose, arabinose, etc.) uptake (Sànchez Nogué and Karhumaa, 2015; Stanley and Hahn-Hägerdal, 2010b ). However, due to the fact that there are no inherent pentose transporter proteins in the cell membrane, xylose and/ or arabinose transportation to the intracellular space only happens if the concentration of hexoses (glucose, mannose, etc.) is low enough (Bertilsson et al., 2008; Hamacher et al., 2002; Meinander et al., 1999; Sedlak and Ho, 2004) .
A breakthrough has been made by keeping cells in close proximity for example in the case of cell encapsulation and application of rMBR (Ishola et al., 2015a; Westman et al., 2014a) . Cell encapsulation has proven to be a successful approach when co-utilization of sugars is sought. Westman et al. (2014a) have reported a 220-fold increase in xylose consumption rate, 50% more xylose uptake and 15% more ethanol production for encapsulated recombinant (genetically modified) S. cerevisiae compared to the same condition with freely suspended cells. Encapsulated cells also showed 7% more ethanol production in a lignocellulosic hydrolysate medium (containing inhibitors) than the suspended cells. Moreover, Ishola et al. (2015a) experienced a successful co-utilization and fermentation of glucose and xylose present in lignocellulosic hydrolysate to 83% of the theoretical ethanol yield. This arises from the diffusive nature of mass transport in cell encapsulation and also other fermentation processes benefiting from high localized cell density such as rMBR. The diffusion pattern, somehow, has the same pattern as described for the inhibitor concentration gradient (Fig. 6b ). In this condition when cells are packed together either in a capsule or encased in between membrane layers in a reverse membrane bioreactor, depending on the cells location from the surface of the capsule or inside synthetic membranes in an rMBR, are exposed to different nutrient levels and possess diverse cell physiology (Westman et al., 2012b) . The cells close to the surface experience high hexose (in specific, glucose) concentrations, which is in the first priority of consumption for recombinant cells. In this condition pentoses (in specific, xylose) diffuse through the cell layers to cells placed in deeper positions. Cells close to the core of the cell aggregate are in the state of glucose starvation, while xylose content is high in those regions. Therefore, these cells are involved with xylose fermentation as there is no or very little glucose inhibition (Fig. 6c ). In cell encapsulation, the glucose conversion rate for cells near the capsule surface is limited by the diffusion rate whereas xylose utilization rate by cells in deeper layers is limited by the consumption and reaction rate (Westman et al., 2014a) . In conventional MBRs, retained and recycled recombinant freely suspended S. cerevisiae in the bioreactor are exposed to both hexoses and pentoses simultaneously. In this condition, there is very low or no xylose consumption before glucose is completely depleted in the medium (Chandrakant and Bisaria, 1998) . In case xylose is the only carbon source in the fermentation medium the rate of xylose consumption in both freely suspended cell system and encapsulated yeast cells is the same (Westman et al., 2014a; Westman and Franzén, 2015) . The other issue to be dealt with, when considering co-utilization of sugars in freely suspended cell systems, is slow xylose uptake after total glucose depletion (Kuyper et al., 2005; Westman et al., 2014a) . The slow metabolism of xylose after full consumption of glucose in the medium may be due to lack of intermediary metabolites required for pentose metabolism and the related phosphate pathway, and severe redox imbalance (Ha et al., 2011) . After glucose depletion cells have to quickly adapt themselves with a drop in NADPH and NAD + due to anaerobic consumption of xylose (Ha et al., 2011) . Shortly after total glucose consumption, xylose metabolism stops in suspended cell cultures (Westman et al., 2014a) . However, this adaptation happens smoothly for cells in the inner layers of cell clusters in encapsulation and rMBR as they are exposed to xylose from the beginning of the fermentation process.
In addition to the put forward advantages of an rMBR system in simultaneous sugar consumption, the consequences accompanying the low pace of mass transfer should also be considered. In case of poor or slow sugar transfer through the microbial aggregate, starving cells near the centre of the aggregate go through the stationary and consequently death phase. In order alleviate such conditions, circulation of cells and the feed medium in-and outside the membrane package can be considered as an option. In order to have a pure diffusion dominated mass transfer the circulation pace should induce the same amount of pressure drop on both sides so that pressure equality conditions are applied.
Viscosity and suspended solid content
One of the main concerns in membrane filtration, membraneassisted product recovery and in general membrane bioprocesses driven by pressure is to maintain a reasonable permeate flux through the membrane in order to benefit from high productivity of permeate or filtrate (Carstensen et al., 2012) . However, membrane flux deterioration due to different fouling mechanisms such as cake layer formation and concentration polarization is a common phenomenon hindering the process efficiency (Park et al., 1997) . Concentration polarization as defined by Judd and Judd (2011) is the concentration of rejected solute and precipitation of poorly soluble inorganic polymeric macromolecular compounds on the surface of the membrane, while cake formation is known as accumulation of rejected solids on the membrane. This may be exacerbated by reaching the critical flux or having changes in the medium condition, as in the case of increase in medium viscosity. The concept "critical flux" was introduced by Field et al. (1995) as the flux below which reduction in flux with time does not take place. Fluxes exceeding the critical flux lead to membrane fouling. In conventional MBRs, the flux of permeate through the membrane is negatively affected by the viscosity of the medium, in case all other factors such as transmembrane pressure (TMP) (the average of feed pressure minus permeate pressure) and membrane resistance are kept constant (Yoon, 2015) . Additionally, the viscosity of the feed medium is in direct relationship with the biomass (cell) and solid content of the liquid medium and determines the fouling propensity, the flux through the membrane and the gas/air bubble size of pressure driven submerged and side-stream MBRs (Lee and Yeom, 2007; Wicaksana et al., 2006) . As noted by Sarbatly and England (2004) for starch hydrolysis in sMBR, starch hydrolysis process the starch milk mass has to be kept at a weight concentration of 10% in order to control viscosity rise and prevent fouling. Furthermore, increase in the viscosity of the medium reduces the effectivity of shear stress induced by gas sparging on the fouling resistance (van den Brink et al., 2011). Itonaga et al. (2004) have concluded that the changes in viscosity level for feed water in MBR municipal wastewater treatment is marginal up to a certain suspended solid (SS) concentration, while beyond that, the relationship becomes of the exponential type.
The diffusive behaviour of mass transfer in rMBRs is directly affected by changes in the rheological properties of the medium. In diffusion driven rMBRs the suspended solid content of the medium is less problematic in comparison with the conventional pressure driven process as there is no need for a convectional flux of compounds through the membrane. This property of rMBRs avoids membrane function deterioration due to SS related problems such as cake layer formation on the membrane surface. Therefore, increase in suspended solid content of the medium although detrimental to the diffusion rate of compounds in the feed medium, does not cause membrane fouling by cake layer formation. As rMBR bioconversion systems are strongly dependent on the diffusion of various solutes through the medium and membrane to the cell side and in reverse for metabolic products, viscosity and the parameters influencing it such as working temperature and medium solid content require profound investigation.
The suspended solid content of the medium plays an important role in defining the viscosity of the medium (Hai et al., 2013) . In pressure driven MBR systems there seems to be a complex relation between the fouling susceptibility and the SS concentration of the medium (Judd and Judd, 2011; Yoon, 2015) . It has been reported in the literature involved with wastewater treatment that, the increase in the mixed liquor suspended solid (MLSS) can have negative, imperceptible or even positive (in cases with low initial SS content) impact on permeate flux (Chang and Kim, 2005; Çiçek et al., 1999; Hong et al., 2002; Le-Clech et al., 2003; Lesjean et al., 2005; Rosenberger et al., 2005; Yoon, 2015) . Through practical experimentation, different methods of predicting the relation between the SS content and permeate flux through the membrane have been proposed. Most of these equations have specific conditions applied for deriving the equations leading to their limited applicability for all MBR systems as some parameters are considered in one and disregarded in other (Table 3) (Fang and Shi, 2005; Krauth and Staab, 1993; Sato and Ishii, 1991; Shimizu et al., 1996) . A comprehensive list of these approaches has been provided by Judd and Judd (2011) . Specific to each MBR, there is an upper limit to the SS content of the medium. In SS concentrations exceeding that of the limit, contribution of SS to fouling becomes problematic (Meng et al., 2007; Yoon, 2015) . The different behaviour in membrane fouling in high and low SS media as concluded by Bin et al. (2004) may be due to the pace of fouling. Where for the former, rapid cake layer formation occurs leading to failure in filtration process, in the latter case there is thought to be a progressive process of colloid formation and pore blocking (Bin et al., 2004) . Even in low pressure submerged MBRs, deterioration of filtration performance has been observed by an increase in MLSS (Jeison and van Lier, 2006; Stuckey and Hu, 2003) . Although there is no unanimous view on the extent of contribution of SS to membrane fouling, high SS content has direct effect on diffusion limitation, viscosity increase and creating dead zones in the reactor as mentioned by Yoon (2015) .
Another factor contributing to changes in the viscosity is the cell concentration/density in the bioreactor (Reuß et al., 1979; Shimmons et al., 1976) . However, the increase in cell density-viscosity is not linear (Shimmons et al., 1976) . As presented by Bhave and Todaro (1996) , in cross-flow filtration on fermentation broth, the flux across the membrane declines by the increase in yeast cell concentration. In addition, in sMBRs and iMBRs used either for fermentation or wastewater treatment purposes, cell retention is of a great importance as cell concentration defines hydraulic retention time, dilution rate, the bioreactor size and the productivity of the process (Carstensen et al., 2012; Lafforgue-Delorme et al., 1994) . High cell concentration due to cell recirculation and retention in MBRs contributes to the increase in medium viscosity and may consequently lead to reduction in medium flow or fouling (Lafforgue-Delorme et al., 1994; Lafforgue et al., 1987; Yoon, 2015) . Puzanov (1999) proved that in lactic acid fermentation in a cell recycling MBR, at cell densities above 130 g/l the rheological behaviour of the fermentation broth changed from Newtonian to pseudoplastic. In Newtonian liquids viscosity is independent of the flow rate, where for pseudoplastics the viscosity decreases with increased shear stress (Krieble and Whitwell, 1949) .
One of the parameters affecting both conventional MBR and rMBR processes is the working temperature. Decrease in temperature increases the viscosity of Newtonian fluids (Kumaran, 2010) . The rule of thumb in this regard is that with every degree increase in temperature in normal conditions the viscosity drops about 3%. As claimed by Kumaran (2010) , the more viscous a fluid is the more temperature dependent the viscosity becomes. Table 3 Equations on the relationship between the flux through the membrane and suspended solid content of the medium.
Equation
Variables In another way, changes in temperature can affect the behaviour of particles in the fluid near the membrane surface. Increase in temperature increases the kinetic energy of the molecules constituting the liquid medium resulting to a more significance in Brownian movement of the particle in the medium. Considering the Brownian diffusion of suspended particles near the membrane surface in MBRs (Yoon, 2015) , by reducing the temperature, the particle back transport velocity decreases in a linear manner which results in the extent of cake layer formation (Judd and Judd, 2011) . The velocity of particles/solutes deposition on the membrane surface is determined considering the difference between permeation velocity/drag (flux), towards the membrane, and back-transport velocity away from the membrane caused by Brownian diffusion, shear-induced diffusion, charge repulsion, etc. (Fig. 7) (Yoon, 2015) .
From the biological aspect, temperature reduction and elevation is limited to a range that does not affect the biological activities of the microorganisms (Folasade, 2006; Singh and Viraraghavan, 2003) .
Diffusion in MBRs
The role of diffusion in the general mass transfer pattern in conventional pressure driven MBRs greatly differs from that of the rMBRs. In pressure driven MBR processes, diffusion through the membrane occurs as a result of the pressure difference applied over the membrane leading to permeation or retention of certain compounds on basis of different factors such as size and polarity. The most highlighted role that mass transfer by diffusion plays in these conventional MBRs is in a delicate liquid film on the membrane surface in external cross-flow membranes (Yoon, 2015) . The velocity of the liquid at the membrane surface drops to zero, therefore in the concentrated liquid film formed on the membrane surface diffusion of compounds is defined as the main mode of mass transport in the layer (Miranda and Campos, 2002) . The thickness of the concentration polarization layer is greatly dependent on crossflow patterns and turbulence intensity. However, a greater extent of solute build-up on the membrane surface is accompanied by a higher concentration gradient and consequently faster diffusion (Bhattacharjee et al., 1999; Wijmans et al., 1985) .
On the contrary, diffusion is the main mass transfer mechanism in rMBRs. The substrate and products are transported by diffusion in and out of the membrane-confined space. It is noteworthy that, in special rMBR cases shear stress on the membrane/feed-side surface also induces higher diffusion rate (Youngsukkasem et al., 2013b (Youngsukkasem et al., , 2015 . The following is a brief description of the diffusion process and its mechanism in rMBRs.
Diffusion in rMBRs
The diffusion related phenomena form the basis of the rMBR system and play a major role in cell inhibitor tolerance and co-utilization of sugars. In an rMBR set up there are three major phases of feed bulk, membrane and cell aggregate which directly affect the diffusion behaviour of different compounds by acting as resistant to easy diffusion. Each of the three regions acts similar to a resistant in an electric circuit that slows down the electron transfer through the circuit at different degrees. Therefore, in order to find out the stage acting as the bottleneck regarding the diffusion rate and compound flow, possible diffusion patterns in each region have to be studied profoundly. The diffusion rate of different compounds (substrate and metabolites) through the feedside, membrane and cell-side defines the bioconversion rate. In this regard, the study of diffusion mechanisms in an rMBR system and also factors hindering the diffusion of compounds to and from the cells is of great importance. Diffusion of chemical compounds in feed-side, membrane and cell-side ( Fig. 8 ) depends on medium viscosity, membrane characteristics (pore size, polarity, etc.) and cell biofilm respectively.
The diffusion of feed medium chemical compounds e.g. saccharides and inhibitory compounds and metabolic products in rMBR are considered at three separate phases ( Fig. 8) :
I. Diffusion of compounds on the feed-side (substrate) towards the membrane surface and in reverse for products. II. Diffusion of compounds, either substrates or metabolites, through the membrane layer. III. Diffusion of feed components and products (through the biofilm layer) on the cell side.
Diffusion of compounds on the feed-side
The first and last stage of diffusion in an rMBR system is the transfer of substrates and metabolites to and from the membrane surface to the bulk feed-side respectively (Fig. 8) . The diffusion of chemical compounds (solute) in a liquid medium occurs as a result of the presence of a concentration gradient. The further a system is from concentration homogeneity and equilibrium, the stronger is the concentration driving Fig. 8 . Diffusion stages of substrates (sphere) and products (star) in an rMBR set up. Fig. 7 . Forces applied to a spherical charged particle in a viscous medium near a flat porous surface in a laminar flow (Yoon et al., 1999) . Table 4 Relevant equations for measuring the diffusion behaviour of compounds in different stages of an rMBR system.
Diffusion stage Equation Reference
Feed-side
Fick's first law (steady state)
D AB = diffusivity of compound A in B x = diffusion distance c A = concentration of A J A = molar flux (diffusion rate) of compound A _____ Fick's second law (non-steady state) 
-dμ A /dx = chemical potential gradient N = molar flux c t = total molar concentration x = molar fraction of components T = temperature R = universal gas constant (Leonardi and Angeli, 2010) Stokes-Einstein equation
N A = Avogadro number T = temperature η = viscosity of the solution r u = solute radius V A = solute volume at the boiling point (Einstein, 1905 , Miller, 1924 , Sharma and Yashonath, 2006 Wilke-Chang equation
x = association parameter defining the effective molecular weight of the solvent (for non-associated solvents x = 1 and for water x = 2.6) M B = molecular weight of the liquid medium (Wilke and Chang, 1955) Polson equation
M A = molecular weight of solute R = gas constant f = frictional constant per mole and for a spherical unhydrated molecule the frictional constant is f 0 C = constant and its value can be calculated from diffusion constant and molecular weight data of proteins with low f/f 0 values reported by Svedberg et al. (1940) . (Polson, 1950) Membrane Diffusion of solute in porous solid (Fick's first law)
h = membrane thickness
Steady state diffusion through the membrane (no membrane hindrance)
Steady state diffusion through the membrane (with membrane hindrance)
D = diffusivity of the solute in the liquid in the pores D eff = effective diffusivity hindered by membrane/solute interactions d s = solute diameter d p = pore diameter c = concentration of the compound x = distance over which diffusion is being measured m = constant (as presented by Beck and Schultz (1972) for an isoporous membrane m is approximately 4) D eff = D (When the pore diameter is significantly bigger than the solute diameter) (Beck and Schultz, 1972, Cussler, 2009) (continued on next page) Diffusion in porous membrane (Derivation of Fick's first law of diffusion)
K = membrane-vehicle partition coefficient c = solutes concentration in solution h = diffusion distance (Pellett et al., 1997) Cumulative compound release (diffusion cell)
A = membrane surface area c n = concentration of the compound at the n th sampling V = volume of the diffusion cell receptor ∑c i = sum of the concentrations till n-1 sampling S = sampling volume (Jung et al., 2012 , Ng et al., 2010 )
V = cell volume δ = membrane thickness t = time C = concentration of solute at different run intervals (at t=0, C 0 ) in cells 1 and 2. Here cell 1 is considered as the donor cell and cell 2 as the receptor cell. Diffusivity in membrane (double diffusion cell) ln
concentration of solute C 0 = initial concentration of solute -Sides 1 and 2 are donor and receptor cells respectively. (Singh et al., 1996) Cumulative diffusion (double diffusion cell)
t 0 ¼ δ 2 6D Q = total amount of solute diffused by time t C 0 = initial concentration of the solute in the donor cell δ = membrane thickness t 0 = lag phase (time required for reaching diffusive equilibrium) (Bassi et al., 1987, Hannoun and Stephanopoulos, 1986) Cell-side
The relationship between temperature, viscosity and diffusion in water
D w = diffusivity in water μ = viscosity T = temperature (Stewart, 2003) Porosity of a biofilm
ε = porosity ρ d = dry biomass to the volume of dry material ρ dw = dry mass per unit wet volume (Melo, 2005) Time for the solute to attain about 90% of its concentration over the biofilm (t 90 )
Time for the solute to attain about 90% of its concentration in the centre of the biofilm (Cell cluster) (t 90c ) (reaction and adsorption of compound in the biofilm are not considered
D eff = effective diffusivity in the biofilm R = cell cluster radius l = biofilm thickness (Stewart, 2003) Penetration depth of a solute in a biofilm (for compounds reaction in the biofilm)
S Sþks ɑ = penetration depth μ = specific growth rate k s =half-saturation coefficient (value of substrate when μ is half μ max ) S 0 = solute concentration at the biofilm interface k 0 = reaction rate of the solute X = density of cells in the biofilm μ max = maximum growth rate Y xs = yield of biomass on the solute (Stewart, 2003) force. In order to reduce the concentration difference, molecules of the solute move towards the low concentration area by random movement. In this regard, the diffusion rate (molar flux) can be defined by Fick's first and second law ( Table 4 , Eqs. (1) and (2)). Fick's law relates the diffusion rate (J) to the diffusivity (diffusion coefficient) (D) of a compound in a medium. Diffusivity is defined as the ease with which molecules of a solute move in a medium. In the conditions where molecule/molecule and/or molecule/membrane forces are high D acts as a variable (Poling et al., 2001) . For the condition that there is one dimensional diffusion and D is independent of distance (x), time (t) and concentration (c), Fick's laws are presented in Table 4 .
In case a medium is comprised of two components of A and B, equimolar counter-diffusion and Maxwell-Stefan diffusion models can also be applied to track diffusion patterns of compounds. Equimolar counter-diffusion describes the condition in which components A and B are diffusing in opposite directions with the same molar flux, while Maxwell-Stefan diffusion model can be applied when a component diffuses and the other remains or in the case that there is multi-component diffusion (Leonardi and Angeli, 2010) (Table 4 , Eqs. (3) and (4)).
A number of parameters such as solute molecular volume and weight, liquid viscosity and process temperature affect the diffusivity of a compound in a liquid medium. Regarding the estimation of diffusivity (D) of a compound in a liquid, different models have been developed to correlate solute diffusivity to liquid properties such as Stokes-Einstein, Eqs. (5) , (6) and (7)).
Therefore, in rMBR systems by the help of the above mentioned models an estimate of the diffusion rate of different compounds through the feed to the membrane surface and also products from the membrane surface to the bulk feed-side can be obtained. For further information in this regard, a profound discussion on the diffusion of compounds in liquid medium can be found in the work by Cussler (2009) .
Diffusion of compounds through the membrane
In rMBR processes, the porous membrane is considered as a biomass/liquid (cell/feed) contactor (Fig. 8 ). As noted by Jung et al. (2012) , the synthetic porous membrane has the role of a continuous linking channel. Depending on the membrane quality and production method, membranes possess different porosity, tortuosity, hydrophilicity, etc. On basis of these parameters, different diffusion patterns for chemical compounds through the membrane are expected. In rMBRs, penetration of chemical compounds through the membrane is concentration gradient dependent. Greater concentration gradients lead to higher flux of the compounds through the membrane. In the case of pressure driven MBRs, this permeation rate is dependent on transmembrane pressure.
The defining factors during membrane diffusion measurements are membrane hydrophilicity, physical and chemical properties of the compound, interaction of the membrane and compounds, etc. (Jung et al., 2012) . In membrane separation techniques such as pervaporation where non-porous or very dense selective membranes are used, polymer quality (glass transition temperature, main chain flexibility and side-groups, polymer crystallinity, free volume, etc.), nature of penetrant compounds (molecular weight, size, shape, etc.) and process condition (temperature, etc.) are of critical importance (Berens and Hopfenberg, 1982; Chen et al., 2001; Steingiser et al., 1987; Stern et al., 1987) . However, in rMBR systems porous membranes are utilized, where pores are considered as facile compound diffusion pathways/channels connecting the two media. In such set ups, after reaching a steady state, as flux becomes stable and does not change with time, according to Fick's first law, flux (J) through the membrane will be inversely proportional to membrane thickness (h) as is presented by Eq. (8) ( Table 4 ). More detailed diffusion models for the diffusion of a solute in a porous solid such as a membrane have been presented that illustrate the dependence of the flux of the solute to membrane porosity (ε) and tortuosity (τ) ( Table 4 , Eqs. (9) and (10)) (Beck and Schultz, 1972; Cussler, 2009) . Another approach to measure the diffusion rate through a membrane has been simply put by Pellett et al. (1997) , as a derivative of Fick's first law of diffusion (Table 4 , Eq. (12)).
One of the main approaches applied for measuring the diffusion rate of different compounds through a porous membrane is using diffusion cells. Among diffusion cells, Franz cell set up has had extended experimental application (Clément et al., 2000; Jung et al., 2012; Ng et al., 2010; Shah et al., 1999) . The studies manoeuvring over membrane diffusion measurements by diffusion cells have mainly aimed at measuring the diffusion rate of pharmaceutical and cosmetic chemical compounds (Bonferoni et al., 1999; Clément et al., 2000; Hadgraft and Ridout, 1987; Jung et al., 2012; Ng et al., 2010; Shah et al., 1999) . Depending on the operation mode and cell configuration, diffusion cells are divided into static and continuous flow cells (flow-through cell). Static cells are available in vertical and side-by-side configurations and are used for finite dose permeation, steady flux of compound and compound uptake into the membrane measurements, whereas flow-through cells come in are to mimic blood vessels, finite and infinite dose permeation (Anon., 2014; Ng et al., 2010) . These diffusion cells can be utilized to estimate the diffusion rate of different compound through the membrane in diffusion driven rMBRs. Principally, cumulative amount (Q) of compound released by passing through the membrane in a diffusion cell during time is calculated (Table 4, Eq. (13) ). The slope of the graph Q versus ffiffi t p represents the release (diffusion) rate of the solute (Jung et al., 2012; Ng et al., 2010) . However, Eq. (13) is valid if only diffusion of one single compound is being measured, the diffusion coefficient (D) of the compound stays constant and the diffusing compound has no interaction with the membrane.
In case a side-by-side (double cell) diffusion cell is being used for the measurement of the diffusivity in membranes, an alternative approach is taken as in Eq. (14) ( Table 4 ). Singh et al. (1996) used a side-byside diffusion cell to measure the diffusivity of silver bromide (AgBr) through a glass membrane to purify lead bromide (PbBr 2 ). They measured the diffusivity (D) from the slope of ln ½ ðC f 2 −C f 1 Þ ðC 0 2 −C 0 1 Þ versus time plot (Table 4 , Eq. (15)). However, unlike Eq. (14), the effects of porosity and tortuosity have been neglected for the glass membrane used in this study. In another work, Bassi et al. (1987) measured the effective diffusion coefficient (D) of lactose and lactic acid through a 3% agarose Product (metabolite) concentration in biofilm regions that there is substrate (solute) depletion
P = product concentration in the biofilm P 0 = concentration of the product in the bulk liquid Y ps = yield of product on substrate S 0 = concentration of the substrate at the biofilm surface D es = effective diffusion of the substrate D ep = effective diffusion of the product in the biofilm (Stewart, 2003) membrane (pore size 0.1-1.0 μm) in a side-by-side diffusion cell using the formula developed by Hannoun and Stephanopoulos (1986) ( Table 4 , Eq. (16)).
Diffusion of compounds on the cell-side
The most important stage of diffusion that is the backbone of many of the applications of rMBRs, is diffusion in the cell-side (Fig. 8) . In rMBRs the cells packed together in between membrane layers provide high local cell density. The diffusion rate and behaviour of compounds in the cell-side and through the imposed cell aggregate determine cell inhibitor tolerance and in situ detoxification, and co-utilization of sugars (Westman et al., 2012a (Westman et al., , 2014a (Westman et al., , 2014b . As bioconversion happens in the membrane-confined cell-side, diffusion rate of substrates and products in this region plays a crucial role in defining the bioconversion rate and process yield. The difference in diffusion of compounds in cell-side in comparison with diffusion in feed-side and membrane is that in the former condition two phenomena of mass transfer and reactions occur simultaneously. Therefore, diffusion patterns and models presented for the cell-side (biofilm side) take into account the effect of reaction as well as effective diffusion. In this regard, as reported by Melo (2005) there seems to be a two way effect as the physical structure of the cell aggregate or biofilm depends on the internal mass transfer and the structure affects the diffusion characteristics of compounds. In order to better understand the role of biofilm and the effect of biofilm formation on the diffusion of compounds on the cell-side in an rMBR system, a basic knowledge on biofilms nature, formation and prevention is required.
Biofilms in general are micro-colonies of microorganisms attached to a surface and embedded in a gel like extracellular polymeric substance (EPS) matrix (Fig. 9) . Biofilm is the dominant life form of bacteria guaranteeing their survival in comparison to free floating cells (Marić and Vraneš, 2007) . These biofilms are comprised of cells and a network of EPS with water channels in between the cell colonies responsible for water, nutrient and metabolite delivery in and out of the biofilm. The extracellular matrix is a combination of 90% water and 10% extracellular polymeric substances (EPS) (Rendueles et al., 2013) .
In addition to bacteria, different strains of yeast such as Candida albicans, Candida glabrata, S. cerevisiae, etc. also have the capability to adhere to abiotic surfaces e.g. membranes, cells and tissues (Short, 2011; Verstrepen and Klis, 2006) . Special proteins on the yeast cell wall surface are responsible for the attachment to other cells and also abiotic surfaces are called "adhesins".
EPS play an essential role in biofilm formation accounting for, depending on the type of the microorganism, from 75 to 90% of the biofilm with the rest being composed of cells (Marić and Vraneš, 2007) . The term EPS (high-molecular weight mixture of polymers) is noted to cover a wide range of macromolecules such as proteins, carbohydrates, nucleic acids, lipids, etc. on and around the cell exterior wall (not all necessarily directly anchored to the cell wall) covering colonies of cells and maintaining the stability of cell aggregate in the biofilm (Flemming and Wingender, 2001; Sheng et al., 2010) . EPS mainly comprises of proteins and carbohydrates. Carbohydrates, having more hydrophilic tendency, are mainly responsible for cell adhesion to the membrane.
3.1.3.1. Fouling due to biofilm formation in MBRs. Different parameters influence the EPS content in conventional pressure driven MBRs process, to name some: shear stress near the membrane surface by gas sparging and other means which induce turbulence, the substrate condition regarding nutrient content and organic loading rate. For example, the yeast strain C. albicans is said to form more EPS in an agitated cultivation medium than in a stationary condition (Henriques, 2005) . In wastewater treatment MBRs, solid retention time (SRT) is of great importance for the EPS concentration in the medium (Brookes et al., 2003) .
As mentioned, membrane fouling is a major issue in MBR processes. The soluble part of the EPS, defined as soluble microbial products (SMP), is adsorbed and deposited on the membrane surface forming a gel layer blocking pores and the flow through the membrane and providing the basis for the formation of a biofilm on the membrane (cell/cell attachment of the microorganisms and EPS matrix formation) Vanysacker et al., 2013) . In a study by Vanysacker et al. (2013) fouling of PVDF, polysulfone and polyethylene membranes by Escherichia coli and Pseudomonas aeruginosa biofilms were investigated. It was observed that the more hydrophilic a membrane is the less biofilm associated fouling occurs in an aqueous solution.
The problem with biofilm formation in conventional MBRs and specially in rMBRs is that, the EPS gel housing the cells can be a major obstacle to nutrient delivery (the dominant mechanism of nutrient delivery is diffusion through water channels in the EPS matrix) to cells and cell assisted bioconversion and also a barrier for permeation Fig. 9 . Biofilm formation in an rMBR system. through membrane in pressure driven processes. Considering the role of EPS in cell/cell attachment, in some MBR systems, disruption and decrease in EPS content is assumed to negatively affect MBR performance, however, this has not been proved (Jang et al., 2005) .
As supported by Li et al. (2014) biofilm related fouling and internal pore blocking in MBRs only requires chemical cleaning. Removal of the biofilm in down time of the MBR is also a hurdle as chlorine, bactericides and other cleaning-in-place methods (CIP) do not necessarily work efficiently in EPS removal as they mainly affect the bacteria (Armstrong et al., 2011) .
3.1.3.2. Biofilm prevention. As the presence of biofilm can hinder the performance of both the conventional MBRs and rMBRs there is need for in depth studies on preventive methods and approaches. In order to facilitate diffusion of different compounds through the membrane layer and to the cell membrane surface, it is essential to keep the extent of biofilm formation at low levels. In an rMBR system, cells are intentionally kept in a close proximity in-between membrane layers. This induces the propensity of biofilm formation in rMBR systems. However, this biofilm formation is undesirable as it limits the mass transfer by diffusion only to the water channels present in the EPS matrix. Different environmental factors such as nutrient and oxygen content, pH and temperature of the medium can affect biofilm structure and the extent of biofilm formation. In this regard, the effect of phosphate concentration on biofilm formation has been investigated by Kim Kwang and Frank (1995) . As presented by Kim Kwang and Frank (1995) the presence of trehalose and mannose enhances biofilm formation. Furthermore, it has been claimed that, glucose availability has a direct impact on biofilm thickness (Marić and Vraneš, 2007) . In addition, oxygen content, temperature and pH of the medium affect cell adhesion. Although some bacteria can form biofilms at acidic conditions, considerably low medium pH reduces cell mobility required for initiating adhesion (Kim Kwang and Frank, 1995) . Low medium oxygen content and high temperature are said to be detrimental to cell/surface adhesion and cell/ cell connection, respectively (Kim Kwang and Frank, 1995) . Metal ion concentration of the medium is also a defining factor to be taken into account as EPS binds with the cell wall through building ion bridging with multivalent metals such as Ca +2 and Mg +2 . Therefore, less metal content leads to less EPS resulting in less onerous biofilm (Sheng et al., 2010) .
All in all, in order to have healthy functioning rMBR system the biofilm formation should be controlled at an acceptable low level. The pursued reduction in biofilm formation tendency may be achieved through different approaches:
1. Cell/cell communication blockage: To initiate a cell/cell attachment and cell/surface adhesion, cells should communicate through signalling molecules, blocking this communication path may be a solution for preventing biofilm formation (Marić and Vraneš, 2007) . 2. EPS enzymatic hydrolysis: In order to break down and disrupt a biofilm layer, enzymatic hydrolysis and degradation of extracellular polymeric matrix is another applicable option (Marić and Vraneš, 2007) . 3. Cell secreted anti-biofilm polysaccharides: Another option is presented by the microorganism as there are different sorts of bacteria that secrete anti-biofilm polysaccharides blocking the proteins on the cell wall that attach to sugars on other cell surfaces and inhibit biofilm formation (Rendueles et al., 2013) . 4. Genetic inactivation: repression of genes involved in EPS formation, cell/cell and cell/abiotic surface attachment is another approach to alleviate biofilm related issues (Marić and Vraneš, 2007; Verstrepen and Klis, 2006) . 5. Environmental stress factors: Environmental stress factors such as the change in the medium carbon and nitrogen content e.g. nutrient starvation, pH and ethanol content can trigger the yeast cell adaptation technique from adhesive to non-adhesive and vice versa (Verstrepen and Klis, 2006) . However, the behaviour is still to be studied as for example different glucose concentrations in the medium can play roles in both enhancing and hindering adhesion (Verstrepen and Klis, 2006 ). 6. Cell cultivation condition: In order to reduce the amount of EPS by controlling the process conditions, it has been claimed by Sheng et al. (2010) that aerobic cultivation conditions lead to a large content of EPS, while anaerobic conditions reduces EPS production and sometimes lead to disintegration of the biofilm (Judd and Judd, 2011) .
3.1.3.3. The effect of biofilm formation on diffusion in rMBR. It has been reported that the dry density of the biofilm is in close relationship with effective diffusivity as increase in one negatively affects the other (Beyenal and Lewandowski, 2002; Fan et al., 1990; Stewart, 1998 Stewart, , 2003 . However, there are still uncertainties in generalization of such matter (Casey et al., 2000; Zhang et al., 1998a) . Biofilms are composed of 90-99% water. The water channels (macro-pores) of different length, diameter and tortuosity have the responsibility of carrying compounds in and out of the biofilm. There are macro-and micro-pores in between cell/EPS and inside cell/EPS aggregates respectively (Melo, 2005) . As biofilms are mostly water, the first step in estimation of the effective diffusivity in biofilms is to have the diffusivity of different compounds in water (Stewart, 2003) . The data on diffusion of many compounds in water is readily available. However, missing calculations for unknown diffusivities in water can be made through different models presented in the previous sections such as Wilke-Chang (Perry and Chilton, 1973; Wilke and Chang, 1955) . It is noteworthy that, as mentioned before, the diffusivity in water, as well as other media, depends on temperature and viscosity (Stewart, 2003) . The relationship between temperature, viscosity and diffusion in water is presented in Eq. (17) in Table 4 . Cells are concentrated and packed in very close proximity in between membrane layers resembling an imposed biofilm. The highly compact biofilm matrix reduces the diffusivity of compounds due to increased tortuosity. This means that due to the presence of different obstacles, such as cells, EPS, abiotic particles and gas bubbles in the biofilm, compounds are forced to take longer diffusion paths than when having free unrestricted diffusion (Stewart, 2003; Zalc et al., 2004) . Therefore, the effect of tortuosity (τ) and porosity (ε) of the biofilm should be considered while measuring the effective diffusivity ðD eff ¼ εDw τ Þ of compounds in a biofilms (D w is the diffusivity of the compound in water). According to Melo (2005) the porosity of a biofilm can be calculated from density values (Table 4 , Eq. (18)).
Diffusion is limited in biofilms by the diffusion distance and decrease in fluid flow (in case of bulk flow) (Stewart, 2003) . According to Stewart (2003) , the time required for a diffusive equilibrium in biofilms is proportional to the square root of the diffusion distance. Moreover, the time for the solute added to a liquid medium, containing a biofilm, to attain about 90% of its concentration over (t 90 ) and in the centre of the biofilm (Cell cluster) (t 90c ) can be estimated (Table 4, Eqs. (19) and (20)).
These equations have been built assuming that the solute does not react or is not absorbed in the biofilm, the transfer of compounds to the biofilm surface occurs with no resistance and the biofilm thickness is uniform along the substrate. These equations are not always valid in real biofilm diffusion conditions as usually sugars are utilized by cells and consequently there would be a concentration gradient through the biofilms and this is in contradiction with the assumptions for t 90 and t 90c (Stewart, 2003) . It should be noted that when a solute reacts in a biofilm, it may not pass through the biofilm as all may be utilized by cells. In conditions that the solute undergoes reaction in a biofilm and the rate of reaction is independent of solute concentration, the depth that a solute can penetrate in a biofilm can be estimated through Eq. (21) ( Table 4 ). These formulae have been driven on basis of zeroorder kinetics, which means that the reaction rate is independent of solute concentration (for Monod and Michaelis-Menten models that is S ≫ k m ) (Stewart, 2003) .
The other issue faced in rMBRs is that while the substrate diffusing in the biofilm is being taken up by cells while participating in reactions, the metabolites produced also diffuse in reverse from the biofilm towards the feed-side due to concentration gradient. A simplified equation is used by Stewart (2003) to obtain the concentration of the product in locations in the biofilm where the reacting substrate has depleted (Table 4, Eq. (22) ). In this equation it has been assumed that product formation is in a stoichiometric relation with substrate consumption.
Concluding remarks
Membrane bioreactors have long been used in different biological processes. Depending on the feed medium and condition, process parameters and the final product a number of different membranes and membrane module configurations can be taken into practice. In this regard, the newly introduced concept of rMBR opens new horizons for further research and application development of MBRs. The rMBRs feature exceptional properties such as high local cell density, diffusive nature of compound separation and the ability of cell separation and reuse. These unique specifications bring along the potential for the bioconversion of complex substrates that contain high concentration of inhibitory compounds, different sugar sources and high suspended solid levels difficult to be handled by conventional pressure driven MBRs.
